Platelet-activating factor (PAF) has been shown to affect sperm motility and acrosomal function, thereby altering fertility. PAF acetylhydrolase 1b (PAFAH1B) hydrolyzes PAF and is composed of three subunits [the lissencephaly (LIS1) protein and ␣1 and ␣2 subunits] and structurally resembles a GTP-hydrolyzing protein.
M
ammalian male fertility depends on the generation of motile spermatozoa through the process of spermatogenesis, which involves mitosis, meiosis, and spermiogenesis (1) . Both extragonadal hormones and intragonadal factors participate in the regulation of spermatogenesis. The signals mediated by these factors converge on an intracellular signaling machinery, which determines the fates of male germ cells. Knockout studies over the past 10 years have defined key roles of many extracellular and intracellular signaling proteins in reproductive physiology (2) .
Platelet-activating factor (PAF or 1-O-akyl-2-O-acetyl-snglycero-3-phosphorylcholine) is one of the most potent lipid messengers involved in a variety of physiological events. PAF has been implicated in proper sperm motility (3, 4) and acrosomal function (5) . The major regulatory enzymes for PAF biosynthesis via the de novo pathway, including acetyltransferase and cholinephosphotransferase, are present in spermatozoa (6) . A role for PAF in the pathogenesis of testicular ischemia also has been suggested (7); however, PAF has not been implicated in spermatogenesis.
The acetyl group at the sn-2 position of the glycol backbone of PAF is essential for its biological activity, and its deacetylation induces loss of activity. The deacetylation reaction is catalyzed by PAF-acetylhydrolases (PAFAH). There are at least three types of PAFAH in mammals, namely, the intracellular types I and II and a plasma type (8) . Type I PAFAH is a G protein-like complex consisting of two catalytic subunits (␣1 and ␣2) and a regulatory ␤-subunit (8) . The ␤-subunit is a product of the LIS1 gene, mutations of which cause classic lissencephaly (9) . Recent studies indicate that LIS1 is important in cellular functions such as induction of nuclear movement and control of microtubule organization (8) . Although evidence is accumulating that the catalytic subunits are involved in microtubule function, it is still unknown whether PAF functions in this process or is an endogenous substrate of this enzyme. Mice homozygous null for Lis1 die early in embryogenesis soon after implantation, whereas mice with one active allele display multiple neuronal migration defects (10) .
In this study, we report that disruptions of the ␣2 and ␣1 genes and genetic interactions with Lis1 impair spermatogenesis in mice. We demonstrate further that inactivation of one allele of Lis1 in ␣2
mutant mice restores spermatogenesis and male fertility.
Materials and Methods
Generation and Genotype Analysis of the Mutant Mice. Disruption of the Pafah1b3 gene (herein called ␣1) was made by replacement of the exonic sequence encoding the active enzyme site with a human HPRT minigene under control of a Pgk promoter (11, 12) .
Disruption of Pafah1b2 (herein called ␣2) was achieved by using a modified gene-trapping strategy in a 129S6͞SvEv background (Lexicon Genetics, The Woodlands, TX). This targeting results in the duplication of genomic sequence, and, between the duplication, proprietary sequences were inserted that include a Pgk1 promoter linked to puromycin N-acetyltransferase, a polyadenylation sequence, a splice acceptor fused to an internal ribosome entry site, and a galactosidase͞neomycin phosphotransferase fusion gene (13) . Genotyping for ␣1 and ␣2 was performed by Southern blot analysis ( Fig. 1 b and c) .
Genotyping of the Pafah1b1 locus (herein called Lis1) was performed by using PCR as described (10) . 98-653, GenBank accession no. NM008776), and ␣2 (nucleotides 146-799, GenBank accession no. XM134801) were subcloned into pGEM-T vector (Promega) followed by sequencing. Riboprobes were generated by using RiboProbe in vitro transcription systems (Promega) according to manufacturer instructions. Bouin's-fixed testis sections (5 m) were used for in situ hybridization and autoradiography as described (14) . Northern blot analysis was performed as described (15) .
Western Blot Analysis. Testis protein was isolated by using T-PER Tissue Protein Extraction Reagent (Pierce) according to manufacturer instructions. Aliquots of 100 g of protein were fractionated on 12.5% SDS-polyacrylamide gels and transferred to a nitrocellulose membrane (Schleicher & Schuell). Immunodetection was performed as described (16) . The rabbit anti-LIS1 polyclonal antibody (N-19; Santa Cruz Biotechnology) was used at a dilution of 1:500. The membrane subsequently was stripped and blotted with an anti-actin mAb (ICN) for monitoring the loading. Quantitative analysis of Western blot results was performed as described (17) .
Terminal Deoxynucleotidyltransferase-Mediated dUTP-Biotin Nick
End Labeling (TUNEL) Analysis. Bouin's-fixed sections were used for TUNEL of apoptotic cells by the ApoTag Plus peroxidase kit (Intergen, Purchase, NY) according to manufacturer instructions.
Results and Discussion
In contrast to the embryonic lethality observed in Lis1 Ϫ/Ϫ mice (10), ␣1 mice (103.7 Ϯ 4.8 mg, n ϭ 10) were similar to that of adult wild-type mice (103.8 Ϯ 6.2 mg, n ϭ 10) (Fig. 2b) . Similar to the wild-type testis ( Fig. 2 c and d) , the ␣1 Ϫ/Ϫ testis displayed robust spermatogenesis (Fig. 2e) , and the epididymis was full of spermatozoa (Fig. 2f ) . ␣2 Ϫ/Ϫ females bred normally, whereas ␣2 Ϫ/Ϫ males were infertile when examined over a period of 6 months. The testis weights of ␣2 Ϫ/Ϫ mice (44.9 Ϯ 3.7 mg, n ϭ 10) were 43% of wild-type testes at 8 weeks of age (Fig. 2b) . In contrast to ␣1 Ϫ/Ϫ mice, the seminiferous tubules of ␣2 Ϫ/Ϫ testes were severely depleted of germ cells (Fig. 2g) . Elongating and elongated spermatids were absent in the tubules, whereas spermatogonia and early spermatocytes appeared normal. Numerous degenerating and detaching pachytene spermatocytes and some multinucleated giant cells, which were syncytia of degenerating spermatids (18) (19) (20) (21) , were present throughout the seminiferous epithelium (Fig. 2g) . Numerous vacuoles, representing vacuolated Sertoli cells resulting from severe germ cell depletion, are present in the epithelium. Some degenerating spermatocytes and spermatids detached from the seminiferous epithelium, sloughed into the tubule lumen, and were visible in the epididymis (Fig. 2h) .
To determine whether there was redundancy of ␣1 and ␣2, we generated mice homozygous null for ␣1 and ␣2 (herein called double-mutant mice). Double-mutant females were grossly normal and fertile, whereas double-mutant males were infertile. Testicular weights of double-mutant males (30.6 Ϯ 9.2 g, n ϭ 10) were decreased further (Ͻ30% of wild-type testes) (Fig. 2 a and b), and germ cell depletion ( Fig. 2 i and j) was more severe than in ␣2 Ϫ/Ϫ testes. In the double-mutant testes, tubular structures were less obvious and the lumen was small. Most spermatids and pachytene spermatocytes were already depleted, leaving fewer germ cells in the seminiferous epithelium, and degenerated germ cells were visible in the epididymis (Fig. 2j) . Some multinucleated giant cells, numerous degenerating preleptotene, leptotene, zygotene, and early pachytene spermatocytes, as well as multiple vacuoles were observed in the tubules. Some tubules were even completely devoid of germ cells, leaving only Sertoli cells (Fig.  2i) , reminiscent of human ''Sertoli cell-only'' syndrome (2) .
To define further the interactions of ␣1 and ␣2 with Lis1, we (10), triple-homozygous mice cannot be generated.] Interestingly, triple-mutant males were fertile although the testis weights of these mice (83.2 Ϯ 7.3 mg, n ϭ 14) was 20% less than wild-type mice (Fig. 2 a and b) . Spermatogenesis in these triple-mutant males was well established and maintained although some degenerating germ cells and occasional multinucleated giant cells were observed in the seminiferous epithelium (Fig. 2k) . Consistent with the normal fertility of these triple-mutant mice, the epididymides were full of spermatozoa (Fig. 2l) . The testis morphology of the triple-mutant mice were similar to Lis1 ϩ/Ϫ mice, displaying a 35% reduction in weight (67.8 Ϯ 10.2 mg, n ϭ 16), reduction in tubule diameters, and more degenerating germ cells (Fig. 2 b, m, and n) . These results suggest that the levels of Lis1 influence the testis phenotypes in ␣2
mice.
Disrupted Germ Cell Types Correlate with the Spatial Expression of
Lis1, ␣1, and ␣2 in Mouse Testis. To understand further the phenotypes of the mutant mice, we analyzed the testicular expression of the PAFAH1B complex genes by in situ hybridization. ␣2 mRNA was the most abundant among the three genes in the testis, and it was detected in all pachytene spermatocytes, diplotene spermatocytes, meiotically dividing spermatocytes, and all spermatids (Fig. 3 a-d and g ). Lis1 and ␣1 displayed similar expression patterns. Both mRNAs were expressed at lower levels in the testis and confined to all spermatocytes and spermatids up to step 9 ( Fig. 3 e-g ). The higher expression of ␣2 from late pachytene through meiotic division until the round spermatid stages is well correlated with the depletion of late pachytene spermatocytes through early spermatids in the seminiferous epithelium of the ␣2
mice. This suggests that ␣2 plays a role in male germ cell meiosis during the late pachytene stage and meiotic divisions as well as early spermiogenesis. The more severe depletion of early spermatocytes including preleptotene, leptotene, zygotene spermatocytes in the double-mutant mice ( Fig. 2 i and j) was well correlated with the earlier onset of ␣1 expression in the testis, implying that lack of ␣1 has a synergistic effect in the absence of ␣2.
Degeneration of Germ Cells in PAFAH1B Complex Mutant Mice Is
Mediated Through Apoptosis. To determine the nature of the germ cell degeneration, we performed TUNEL analysis on these mutant testes (Fig. 4) . Physiological apoptosis is present in spermatogonia, preleptotene, leptotene, zygotene, pachytene (only at stages I and XII), and meiotically dividing spermatocytes (stage XII); TUNEL-positive germ cells normally are present at 0-7 per 100 Sertoli cells at each stage of the epithelial cycle (17) . We conducted quantitative analyses by counting the number of Sertoli cells and TUNEL-positive germ cells in 100 tubule cross sections and converting the results into the number of TUNELpositive germ cells per 100 Sertoli cells in the mutant and wild-type testes at 8 weeks of age. ␣2 Ϫ/Ϫ testes displayed a 30-fold increase in the number of TUNEL-positive germ cells that morphologically resembled pachytene spermatocytes (Fig. 4 a  and b) . Interestingly, some multinucleated giant cells were TUNEL-negative, suggesting that these unique structures degenerated via a mechanism different from conventional apoptosis (20) . Examination of the ␣1 Ϫ/Ϫ ␣2 Ϫ/Ϫ testes revealed a 10-fold increase in TUNEL-positive germ cells that appeared to be early spermatocytes including preleptotene, leptotene, and zygotene spermatocytes (Fig. 4 c and d) , further suggesting redundant interactions of ␣1 and ␣2 in spermatogenesis. In triple-mutant testes, the number of TUNEL-positive germ cells, mainly pachytene spermatocytes, were 5-fold higher than in wild-type (Fig. 4 e and f ) , which is similar to Lis1 ϩ/Ϫ testes (Fig. 4 g and h) .
Disruption of Spermatogenesis Occurs at the Initiation Phase in ␣2 ؊/؊
and ␣1 ؊/؊ ␣2 ؊/؊ Mice. Spermatogenesis can be divided into two developmental phases: initiation (before 6 weeks of age) and maintenance (after 6 weeks of age). To determine the onset of disruption of spermatogenesis in these mutant mice, we analyzed the testes at postnatal day (P)12 and P20. At P12, preleptotene, leptotene, and zygotene spermatocytes are present in the seminiferous epithelium and occasionally early pachytene spermatocytes start to appear in some tubules. Histological examination demonstrated no difference in the testicular morphology among these mutant mice and wild-type mice (data not shown). At P20, germ cells have completed the first round of meiotic division and haploid germ cells appear in the seminiferous tubules in wildtype mice (Fig. 4i) . A few apoptotic pachytene spermatocytes occasionally are present in the tubules (Fig. 4m) . In the ␣2 Ϫ/Ϫ testis at P20 (Fig. 4 j and n) , numerous pachytene spermatocytes and round spermatids are degenerating (Fig. 4j) , as confirmed by TUNEL staining (Fig. 4n) . In the double-mutant testis at P20, most of pachytene spermatocytes had been depleted, leaving fewer germ cells in the seminiferous epithelium (Fig. 4 k and o) , as compared with wild-type (Fig. 4i) or ␣2 Ϫ/Ϫ testis ( Fig. 4j) at P20. Early spermatocytes, including preleptotene, leptotene, and zygotene spermatocytes, also are degenerating (Fig. 4k) , consistent with TUNEL-staining analysis (Fig. 4o) . In the triplemutant testis at P20, the morphology of the seminiferous tubules (Fig. 4l) is similar to wild-type testis (Fig. 4 i and m) except there are more TUNEL-positive spermatocytes (Fig. 4p) . These findings demonstrate that spermatogenesis was disrupted at the initiation phase of spermatogenesis in ␣2 testes appeared to be pachytene spermatocytes and round spermatids. Northern blot analysis confirmed the histological findings (Fig. 5a ). Protamine 1 [Prm1, expressed in step 7-16 spermatids (22) and double-mutant testes than in wild-type, triple-mutant, and Lis1 ϩ/Ϫ testes. Gasz, a germ cell-specific gene encoding a protein with four ankyrin repeats, a sterile-␣ motif, and a basic leucine zipper, is expressed in pachytene spermatocytes and step 1-2 spermatids in the mouse testis (16) . Gasz mRNA levels are reduced dramatically in the ␣2 Ϫ/Ϫ testes, and the levels of Gasz mRNA are barely detectable in ␣1 Ϫ/Ϫ ␣2 Ϫ/Ϫ testes, consistent with depletion of early pachytene spermatocytes (Fig. 5a) . These results are consistent with the depletion of spermatocytes and spermatids in ␣2 Because the testicular phenotype caused by absence of ␣2 was rescued by inactivating one allele of Lis1, we considered the possibility that ␣2 disruption of spermatogenesis may result from overexpression of Lis1. It is impossible to quantify the Lis1 protein levels in the adult mutant testes because germ cells that express Lis1 (spermatocytes and round spermatids) are severely depleted in ␣2 and ␣1͞␣2 double knockouts. The onset of germ cell depletion was around P15, when middle or late pachytene spermatocytes appear in the developing testes. Lis1 also is expressed in preleptotene, leptotene, zygotene, and early pachytene spermatocytes, and these germ cells are present and abundant in the mutant testes at P12. Therefore, we analyzed the expression levels of Lis1 in wild-type and mutant mice at P12 (Fig. 5b) . The Lis1 protein levels in the Lis1 ϩ/Ϫ testis appeared to be reduced to approximately half the levels in wild-type testis, and no changes in Lis1 protein were observed in the ␣1 Ϫ/Ϫ testis. Testicular Lis1 protein levels at P12 were elevated markedly in the ␣2 Ϫ/Ϫ and double-mutant mice compared with wild-type mice (Fig. 5b) . LIS1 levels in the triple-mutant testes were slightly higher than those in the wild-type testes. These data suggest that the testicular phenotypes of the ␣2 Ϫ/Ϫ or the double-mutant testis result from up-regulated Lis1 levels, and the testicular phenotypes of the ␣2 Ϫ/Ϫ or the double-mutant mice are rescued by lowering Lis1 levels in the triple-mutant mice. It is also possible that increased levels of free LIS1, unbounded to PAFAH1B complex, is toxic to spermatogenic cells, especially to spermatocytes and spermatids. Interestingly, up-regulation of Lis1 mRNA levels also was observed in double-mutant testes but not in ␣2 Ϫ/Ϫ testes (Fig. 1e) , indicating complex control of expression of these genes.
The data presented here demonstrate that the PAFAH1B complex has an important role in spermatogenesis. The exact molecular event that this complex mediates in the testis is uncertain, but it is unlikely to involve solely the catalytic activity of PAFAH1B because the testicular phenotypes of nulls for both catalytic subunits are rescued by reduced levels of Lis1. It is more likely that PAFAH1B participates in spermatogenesis as a signaling complex by interacting with other intracellular proteins, as suggested previously (9) . Interestingly, a recent study shows that overexpression of the receptor for very low density lipoprotein in mouse results in a testicular phenotype (24) similar to that reported here in ␣2 Ϫ/Ϫ and ␣1 Ϫ/Ϫ ␣2 Ϫ/Ϫ mice. We are conducting studies on the potential signaling pathways mediated through the PAFAH1B complex by standard genetic and biochemical strategies. These future studies would help us gain more insights into the molecular mechanisms by which the PAFAH1B complex and its interacting partners regulate spermatogenesis.
